Background and PurposezzDisability-adjusted life years (DALY), incorporating both disability and mortality, has been widely employed to measure regional and global burdens of stroke. Thus far, the DALY lost to stroke in a population has been estimated using only the crude population-level data; no previous study has incorporated refined data from stroke registries. The aim of this study was to integrate the stroke registry data and the population-level incidence data to project the nationwide DALY lost to ischemic stroke.
Introduction
Stroke cripples as well as kills people. Accordingly, disability in addition to mortality should be reflected in measuring stroke burden. The World Health Organization Global Burden of Disease Project (WHO-GBDP) developed the disability-adjusted life years (DALY) to measure regional and global burdens of hundreds of diseases with a common metric. 1 The DALY in-corporates disability and mortality into a single metric of healthy life years lost, whereby one DALY lost is a loss of one healthy life year. In 2002, the WHO-GBDP estimated the global burden of stroke to be 49.2 million DALY lost. 2 South Korea belonged to a group that had a nationwide DALY lost of 641-880 per 100,000 person-years. 3 However, the WHO-GBDP did not estimate the burden of ischemic and hemorrhagic stroke separately.
Ischemic and hemorrhagic stroke differ with regard to risk factors, their population-attributable risks, prevention strategies, fatality rates, and residual disability among stroke survivors. 4 Furthermore, the relative proportion of each stroke subtype varies markedly across populations. In Korea, since the proportion of ischemic stroke is increasing as a result of a substantial change in risk factor profiles, the burden of ischemic stroke needs to be assessed separately in order to establish efficient public health policies.
The variables required to calculate DALY lost in a given population are the incidence, disability weight, disability duration, age of onset, and death. To date, these variables have been estimated exclusively from the population-level data of incidence, prevalence, fatality, and mortality. 5 However, the required population data specific for ischemic stroke were not available for many countries. In addition, the WHO-GBDP did not provide a specific disability weight for ischemic stroke, but rather a unitary disability weight for overall stroke. 6 Therefore, it has not been possible to generate the DALY lost specifically to ischemic stroke.
Recent studies have provided a novel technique for deriving the DALY lost of individual ischemic stroke patients directly from their age, gender, and disability level [as measured by the modified Rankin scale (mRS)] instead of using population-level data and the unitary disability weight for overall stroke. [7] [8] [9] Consequently, an average DALY lost for each age group and gender can be generated from stroke registry data, and then can be used to derive the nationwide DALY lost by combining population-level incidence data.
The aim of this study was to estimate the burden of ischemic stroke in Korea with a DALY metric by integrating the data from ischemic stroke registries and an incidence study.
Methods

Incidence of ischemic stroke for each gender and age group
We extracted ischemic stroke incidence data for each gender and age group from the 2006 report of the Construction of National Surveillance System for Cardiovascular and Cerebrovascular Diseases (CNSSCCD). That study analyzed the 2004 insurance claim database of the Korean Health Insurance Review Agency and national death certificate data to estimate the nationwide stroke incidence of South Korea. 10 Age was stratified into the following groups: <45, 45-54, 55-64, 65-74, 75-84, and ≥85 years.
Average DALY lost due to ischemic stroke for each gender and age group
To derive the average DALY lost due to ischemic stroke for each age group and gender, we used the data from two large ischemic stroke registries: the Complication in Acute Stroke Study (COMPASS) registry and the Seoul National University Bundang Hospital (SNUBH) stroke registry. The COM-PASS was a multicenter, prospective, observational study that was designed to evaluate the impact of poststroke complications on stroke outcome, and it recruited 1,254 consecutive patients with acute ischemic stroke admitted to 4 university hospitals in South Korea between September 1, 2004 and August 31, 2005. 11 The SNUBH registry enrolled 1,614 consecutive ischemic stroke patients from a single center in South Korea between June 2006 and July 2009. The two registries prospectively captured 3-month mRS outcomes and baseline demographics including the initial stroke severity measured by the National Institute of Health Stroke Scale for 1,233 patients in the COMPASS registry and 1,614 patients in the SNUBH registry. The COMPASS obtained 3-month mRS outcomes by using a structured format by direct interview for 831 patients (66.3%) and by telephone interview for 423 (32.0%) patients. In the SNUBH registry, an experienced stroke nurse (M.-H. Y.) contacted patients at 3 months after stroke onset for a telephone interview as part of an institutional quality-of-care monitoring program, and assessed 3-month mRS. Stroke deaths were verified by contacting family members and by obtaining information from a national death certificate system. For each patient, we calculated DALY lost due to a qualifying ischemic stroke. From the individual DALY lost values, the average DALY lost for each gender and age group of the two registries were calculated and then averaged at the study level without applying weights for the sample size. Data collection for individual patients was approved by the Institutional Review Boards of the participating institutions. Ethical approval for the nationwide ischemic stroke incidence data was not required because all of the data were publicly available.
DALY derivation for each patient
The DALY lost due to a qualifying stroke for each patient was calculated from each patient's age, gender, and disability weight determined by their 3-month mRS level, using previously published methodologies. 7, 8 Briefly, DALY lost is the sum of years of life lost due to premature death (YLL) and years of healthy life lost due to disability (YLD): DALY=YLL+YLD. 1 Thus, if a patient has a stroke at the age of 65 years, lives for 5 years with a disability weight of 0.4 [disability weight ranging from 0 (normal health without disability) to 1.0 (dead)], and the life expectancy of general population at age 70 years is 12 years, then YLL=12, YLD=2 (=0.4×5), and the DALY lost=14. However, deriving the DALY lost usually incorporates the discount rate and age weighting, which are widely employed health-policy modeling assumptions. The discount rate is to assign a lower value to future healthy life years lost than to immediate present ones-usually 3% of the annual discount rate. The age-weighting is to assign different values to different life years, higher in young adults than in infants or the elderly. Given that discount rate and age-weighting are taken into account, YLL and YLD could be derived by the following formulas:
), where K is the age-weighting modulation factor (K=1 or 0), β is the parameter for the age-weighting function (β=0.04 or 0), r is the discount rate (r=0.03 or 0), C is a constant (C=0.1658), A is the age at death, L is the life expectancy of the general population at age A, DW is the disability weight, A s is the age at stroke, and L d is the duration of disability in an mRS X state (=life expectancy of a stroke patient with a disability of mRS X at age A s ).
The values of K, β, and C were previously determined by the extensive modeling works of the WHO-GBDP. 1 The present study employed the disability weights derived in a previous study for each mRS level: 0, 0.053, 0.228, 0.353, 0.691, 0.998, and 1.0 for mRS 0-6, respectively. 7 The age-and gender-specific life expectancies of the general population were obtained from the 2005 Korean life tables.
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The duration of disability (L d ) is equal to the life expectancy of the stroke survivor. To derive the life expectancy of each stroke survivor, we generated the stroke survivors' life tables for each gender and mRS level. Mortality rate increases monotonically as mRS level increases, 13, 14 and mortality hazard ratios specific to each mRS level were derived in a previous study. 8 By applying the mRS-specific mortality hazard ratios to the gender-and age-specific mortality rates provided in the 2005 Korean life tables, we generated the stroke survivors' life tables. Therefore, the DALY of this patient is the sum of YLL for premature death at the age of 80.83 years (expected age of death: 80.83=68.5+12.33 years) and the YLD for 12.33 living years with disability. The disability weight of mRS 2 was determined as 0.228 in a previous study. )]=3.62. Since death in this patient is the future event that will occur after 12.33 years, applying a future discount rate is required for YLL [3, 1] 
Nationwide DALY lost due to ischemic stroke
By multiplying the average DALY lost and incidence of ischemic stroke, the nationwide burden of DALY lost for each gender and age group was calculated and then summed to determine the total DALY lost due to ischemic stroke in 2004.
Results
Demographics and 3-month functional outcomes of the two registries
The data of 1,233 patients from the COMPASS registry and 1,614 patients from the SNUBH registry were included in this analysis. Patient characteristics were comparable between the COMPASS and the SNUBH populations: age, 66.5±12.1 vs. 67.2±12.6 years [mean±SD (standard deviation)]; male proportion, 56.1% vs. 60.0%; and National Institute of Health Stroke Scale score at admission [median (interquartile range)], 4 (2-8) vs. 4 (2-7). The 3-month mRS distributions did not differ between the two registries (p=0.973, linear-by-linear association). The age-stratified 3-month mRS outcome distributions were also comparable between the two populations upon visual inspection (Fig. 1) . Increasing age shifted the mRS distribution, with a substantial increase of patients in worse outcome categories.
The average DALY lost due to ischemic stroke
The average DALY lost due to ischemic stroke was 3.79, as calculated by averaging the DALY lost of 3.82±0.07 (mean± standard error) from the COMPASS population and 3.75± 0.06 from the SNUBH population (Table 1) . Overall, YLD contributed about one-quarter to the total DALY lost. However, this proportion increased in younger age groups, approaching nearly 50% for those aged <45 years ( Table 1) .
The age-group-specific average DALY lost was 5.07, 4.63, 4.35, 3.88, 2.88, and 1.73 for those aged <45, 45-54, 55-64, 65-74, 75-84, and ≥85 years, respectively. Between the two registries, the corresponding values of the average DALY lost for each age group were highly correlated: Spearman correlation coefficients of 0.943 (p=0.005) for both men and women combined, 0.829 (p=0.042) for men, and 0.943 (p=0.005) for women. The younger age groups had a lesser poststroke disability level than the older age groups, but a greater DALY lost (Fig. 1 , Table 1 ).
Ischemic stroke incidence
In the 2006 CNSSCCD report, the total occurrence of ischemic stroke in 2004 was estimated to be 64,688 (32,111 for men and 32,577 for women), and the incidence per 100,000 personyears was 133 (132 for men and 135 for women) ( Table 2 ).
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Projection of the nationwide DALY lost due to ischemic stroke The Table 2) . Table 2 gives the ischemic stroke burden of each age group and their relative contributions to the total ischemic stroke burden. The age group of 65-74 years had a highest annual DALY lost of 88,875 due to 22,906 ischemic strokes. Its contribution to the total ischemic burden was 37.9% with the DALY measure and 35.4% with the incidence measure. The second-and third-ranked age groups were 75-84 and 55-64 years, respectively. The annual burden of 52,675 ischemic strokes among those aged 55-84 years was projected to be 191,646 DALY lost. For both genders, the ischemic stroke burden was greatest in the age group of 65-74 years. However, the second-ranked age group was 75-84 years for women but 55-64 years for men (Table 2 ). Table 3 gives the estimated nationwide DALY lost from the COMPASS population data and the SNUBH population data alone (rather than the averaged data). The projected DALY values remained stable irrespective of whether it was derived from the COMPASS population data and SNUBH population data alone or from averaged data.
Sensitivity analysis
Discussion
The findings of this study show that integrating the DALY value derived from individual-patient-level data and incidence data from a population-level study can generate a more refined nationwide burden of ischemic stroke. In Korea, ischemic stroke deprives the population of more than 230,000 years of healthy life annually, corresponding to 483 healthy life years being lost per 100,000 person-years. The burden of ischemic stroke is greatest among those aged 65-74 years, resulting in more than 88,000 DALY lost, which accounts for 38% of the total DALY lost. In the age group 55-84 years, the healthy life years lost due to ischemic stroke exceeds 190,000, and this number is expected to rise exponentially in the near future.
Previously, estimating DALY lost due to a disease in a given population was derived exclusively from population-level data. Data regarding age-specific mortality, fatality, incidence, and prevalence were used to calculate YLL and YLD. When these data were unavailable, YLL and YLD were estimated using DisMod II from the best available data. 5 Disease duration (or the life expectancy of stroke survivors) was projected by dividing prevalence by incidence. 5 Therefore, a DALY lost projection estimated from population-level data has the limitations of inaccuracy and numerous assumptions.
Previous studies have applied to all stroke survivors a unitary disability weight that the WHO-GBDP determined to apply universally to diverse populations on global perspectives. 6 Poststroke disability levels critically determine the magnitude of DALY lost by its disability weight and impact on stroke survivors' life expectancies, which substantially decrease with increasing disability level. 13, 14 Disability among stroke survivors spans a broad spectrum and an averaged poststroke disability level in a population would vary depending on the characteristics of the stroke patients and the stroke care system. In addition, the unitary disability weight is for stroke, not for ischemic stroke. Therefore, a globally determined, unitary disability weight would be valid when applying it to a global population to estimate overall stroke burden, but invalid when applying it to a specific population to estimate the burden of ischemic stroke.
In contrast, our DALY projection overcame many caveats of the previously applied methodologies. Korea has a nationwide unified health insurance system that covers the entire population and ensures a highly accessible medical care. Accordingly, the incidence data employed in our study are likely to be more accurate than those estimated from other data sources. In the present study, the age-group-specific DALY lost values were derived from DALY lost values for individual patients. The DALY lost for each patient was generated directly from the patient's age, gender, and fine-grained disability level, which determines reductions in life expectancy and optimum health during their residual life. The disability weight for each mRS determined in a previous study was generated by a standard person trade-off method of the WHO-GBDP and adjusted to make its value fully consistent with the WHO's unitary disability weight. 7 Therefore, our projection is likely to be the best estimate of the DALY lost to ischemic stroke in the Korean population, while maintaining comparability to the WHO's framework. The internal validity of our findings is supported by the results being consistent irrespective of whether they were derived from the combined data of the two registry populations or from the data of each registry population alone. The external validity is supported by the results being comparable to those of the WHO-GBDP report, in which South Korea is categorized into a group wherein the DALY lost to stroke is between 641 and 880 per 100,000 person-years. More specifically, the sex-and age-adjusted DALY lost per 100,000-years was 703, and the unadjusted DALY lost was 855 (obtained from a personal communication with S. Claiborne Johnston, who is the first author of a related article). 3 In a 2006 CNSSCCD report, the proportion of stroke subtypes was 61.6% for ischemic stroke, 26.8% for hemorrhagic stroke, and 11.5% for unclassified stroke. 10 Hemorrhagic stroke has a higher case-fatality rate and more severe poststroke disability. Taking into account all of these factors, our projection of the DALY lost due to ischemic stroke is likely to be consistent with the WHO-GBDP data.
Our findings contrast with a recent study of Korean stroke DALY lost estimation. Using 2001 morbidity and mortality data in Korea, the estimated DALY lost due to stroke per 100,000 person-years was reported to be 3394.9 for men and 2532.2 for women. 16 That article did not provide specific information regarding how the DALY values were derived. However, at a national level, according to the 2002 report of the WHO-GBDP, even in Mongolia (which has the highest stroke burden in the world), the DALY lost due to stroke was 2192 per 100,000 person-years. 3 Therefore, that previous study seems to have overestimated the DALY lost due to stroke in Korea.
Our findings regarding the contribution of each age group to a nationwide DALY lost can guide public health policy-making. As expected, the 65-74 years age group contributed the greatest burden to the total DALY lost of ischemic stroke, approaching almost 40%. Of note is the gender difference in the second-ranked age group, which was 55-64 years for men (accounting for 26.2%) and 75-84 years for women (accounting for 30.3%). These findings suggest that the major target population for reducing societal stroke burden would be men aged 55-74 years and women aged 64-85 years. As compared to the elderly, younger stroke survivors had a lower poststroke disability level but a higher DALY lost. This paradox is attributable to younger stroke survivors living longer with disability and losing more years of life expectancy due to premature death compared to the elderly. The greater burden of living with disability in younger stroke survivors is well demonstrated in the analysis of relative contribution of YLD to DALY lost, which was substantially increased in the younger age groups (Fig. 2) . As a consequence, ischemic stroke burden in younger patients was magnified with a DALY metric as compared to an incidence metric. The contribution of those aged ≤64 years increased from 29.2% with an incidence measure to 36.3% with a DALY measure ( Table 2 ). These findings are in agreement with the general public's perception of younger stroke survivors being a greater burden to patients, their family, and society. Therefore, with regard to societal perspectives, stroke in younger age groups should be more aggressively prevented and managed to reduce residual disability, despite its lower incidence.
This study has limitations. Ideally, the time periods of incidence, two stroke registries, and Korean life table for projecting stroke survivors' life expectancies should have been identical, but there were small gaps across the databases. However, the small differences in each time period would not significantly jeopardize the validity of our findings. In projecting a nationwide ischemic stroke DALY burden in Korea, we used data from hospital-based registries, the extrapolation of which to the general Korean stroke population should be made with caution. However, in Korea, more than 70% of acute stroke patients are admitted to secondary or tertiary hospitals, 10 and the characteristics of our populations are similar to those in the Korean Stroke Registry, a prospective nationwide hospital-based stroke registry. 17, 18 Therefore, applying DALY values derived from our population to the Korean population seems reasonable and would be the best estimate when more representative data are unavailable.
In calculating DALY lost, the mRS disability level at 3 months was assumed to remain unchanged. Although more than 90% of stroke recovery occurs in the first 3 months, 19 improvement in disability that leads to a reduction in mRS level can occur thereafter. Furthermore, younger patients might have a greater potential to improve after the first 3-month period than the elderly. Thus, our DALY estimation may be an overestimation, particularly in younger stroke survivors. Diagnostic coding errors or intentional miscodings for financial reimbursement are well-recognized limitations of the insurance database. However, we did not fully explore their impact on our findings.
In conclusion, by integrating individual-patient data from well-qualified stroke registries and nationwide incidence data, we were able to generate the best estimate of ischemic stroke burden in Korea with a metric of healthy life years lost. Our finding of more than 230,000 healthy life years lost annually to ischemic stroke calls for prompt nationwide action. The ageand gender-specific features of ischemic burden could also be used to guide public health policy-making.
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